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Product ¯ exibility in selecting manufacturing planning and control
strategy
EMINE PERSENTILI{ and SEMA E. ALPTEKIN{*
The manufacturing systems capable of producing several products simultaneously
are frequently subject to changes in product types due to demand ¯ uctuations. In
such systems a product ¯ exible manufacturing planning and control (MPC) strat-
egy is needed to change from one product type to another with minimum deterio-
ration to system performance levels. The objective of this research is to develop a
systematic analysis and evaluation approach in order to compare the MRP-push
and JIT-pull strategies quantitatively based on a product ¯ exibility measure. A
new product ¯ exibility measure is developed based on the sensitivity to change
concept and presented together with the implementation in a real manufacturing
system. Simulation is used to compare the performance of a JIT-pull with an
MRP-push strategy based on performance measures, e.g. manufacturing lead
time, work-in-process inventory, backorders, machine utilization and throughput.
The performances of the two strategies are evaluated in two scenarios: (i) a single
product; (ii) a second product is added (the ® rst product being simple and the
second being complex in terms of processing). The impacts of adding the second
product on the performance measures for the push and pull strategies are then
assessed. A multi-attribute evaluation scheme is used to compare the two strate-
gies where the attribute values are the change in performance measures as the
second product is added. The proposed product ¯ exibility measure is utilized in
the interpretation of the results.
1. Introduction
Today’ s manufacturing environment can be characterized by intensi® ed competi-
tion, rapid market changes, increased product variety and short product life cycles.
In order to be competitive, manufacturing enterprises need to respond rapidly to
product demand changes. Flexibility, as a measure of manufacturing performance,
has become recognized as very signi® cant due to the changing market, and the need
to produce greater variety with the same facilities. Flexibility is de® ned as a function
of the physical attributes of the manufacturing system. Therefore, the majority of the
related research is based on the hardware requirements of ¯ exibility with little con-
cern for the system planning and control mechanisms that are necessary for its
realization (Benjaafar and Ramakrihnan 1993) . Flexibility should be the concern
of the entire organization. It can support a ® rm’ s business strategies as a competitive
weapon at the strategic level, take a hedging role against environmental uncertainties
at the tactical level, and help to maintain smooth production ¯ ow at the operational
level (Hyun and Ahn 1992) . Flexibility cannot just be bought by means of machin-
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ery, but must be carefully planned and managed (Jaikumar 1986) . Machine level
¯ exibility alone is not su cient to ensure a competitive edge. The added advantage
of ¯ exibility in the planning and control of the system must be present. There is an
increasing recognition in today’ s manufacturing environment of the need for more
¯ exible manufacturing planning and control (MPC) strategies that are capable of
responding to rapid changes in product demand.
MPC is primarily concerned with the e cient and e ective management of
material ¯ ow and resource utilization consistent with management objectives,
within time constraints and with the uncertainties derived from sources external or
internal to the manufacturing system. An e ective MPC strategy can provide a
substantial competitive advantage for a company through the synchronization of
the activities at the planning and operational levels. Concerns about manufacturing
competitiveness drive an interest in the development of alternative MPC strategies.
The most commonly used strategies in industry are material requirements planning
(MRP)-push and just-in-time (JIT)-pull strategies. The execution of the basic MPC
functions shows some variation under these di erent strategies. The di erences
between MRP-push and JIT-pull approaches make them appropriate strategies for
di erent manufacturing environments.
Our objective is to choose the MPC strategy which manages the change in the
system performance measures, due to the product type variation, with minimum
deterioration or maximum improvement. This type of ¯ exibility is referred to as
product ¯ exibility and is de® ned as the capability to change the current product
mix at a low cost in a short period, with the same machines and ® xtures (Gupta
and Goyal 1992, Chryssolouris and Lee 1992) . The considered uncertainty in the
manufacturing environment is the changing demand which is an external disturbance
of the system. The product ¯ exible strategy used to coordinate the MPC functions of
a manufacturing system will vary with the nature of the production process, business
environment, customer expectations and the needs of management. Because of its
complexity, a systematic approach for decision making is needed to consider all
tradeo s underlying the selection of a ¯ exible MPC strategy in a changing manu-
facturing environment.
The assessment and comparative analysis of MPC strategies has received much
attention in the literature. The behaviour of the strategies under uncertainties is
investigated in order to make realistic approximations in planning, and suggest
precautionary actions to account for the uncertainties (Murthy and Ma 1991,
Miltenburg and Wijngaard 1991) . There are several studies which conceptually com-
pare the operating logic of the MPC strategies (Fandel and Francois 1988,
Karmarkar 1989, Deleersnyder et al. 1992) . In the major model-based comparative
studies, simulation is recognized as the most powerful tool in analysing the MPC
systems because of their inherent complexities (Krajewski et al. 1987, Spearman and
Zazanis 1992) . Uncertainties resulting from internal disturbances (hardware-related
factors which are caused by failures in machines, tools, material handling systems
and computer systems) and external disturbances (factors which are not hardware
related, e.g. changes in product mix, personnel, demand quantity and operating
policies) existing in a manufacturing environment are incorporated in simulation
models (Sarker and J® tzsimmons 1989) . The signi® cance of these system variables
on the success of MPC systems has been analysed (Krajewski et al. 1987, Sipper and
Shapira 1989, Rees et al. 1989, Sumichrast et al. 1992, Chu and Shih 1992) . Although
there are several measures considered as the basis of analyses, there is no research
investigating a combination of several system performance measures in order to
observe their joint e ects. Flexibility, as a performance evaluation measure in com-
parative analysis of MPC strategies, is considered by only a few researchers in the
conceptual-based evaluation (Wainwright et al. 1993, Galbraith et al. 1993) and in a
quantitative evaluation based on a complex mathematical model (Muramatsu et al.
1985) . There is no research encountered on the systematic comparison of push and
pull control strategies based on ¯ exibility in a real manufacturing system.
On the other hand, there is a vast amount of research on the de® nition, meas-
urement and use of ¯ exibility. Many researchers have de® ned several types of ¯ ex-
ibility according to its relationship to the di erent types of disturbances or
uncertainties that the system has to cope with. In order to form a basis for the
development of ¯ exibility measures, manufacturing ¯ exibility types are classi® ed
according to their impacts on long-term and short-term decisions (Bernardo and
Mohamed 1992). Flexibility is de® ned as the ability of a system or decision process
to cope with changing circumstances ; therefore, it is evaluated by its success to cope
with change or equivalently by the loss that the change incurs on the system
(Buzacott 1982) . Many quantitative measures are proposed in the literature for
manufacturing ¯ exibility in order to aid in decision making (Gustavsson 1984,
Kumar 1986, Barad and Sipper 1988, Brill and Mandelbaum 1989, Ramasesh and
Jayakumar 1991, Gupta and Somers 1992, Gaimon and Singhal 1992) , however,
there is no consensus on a generic manufacturing ¯ exibility measure. The major
approaches encountered in the use of ¯ exibility are discussed in terms of the relation
between ¯ exibility and performance measures, and the impacts of various decisions
on ¯ exibility. The majority of the decisions considered in these studies are the selec-
tion of the ¯ exibility level in a manufacturing system and the evaluation of di erent
system con® gurations, investment decisions, loading decisions, product mix, part
routing and scheduling decisions based on di erent ¯ exibility types (Ghosh and
Gaimon 1992, Roll et al. 1992) . In studies dedicated to the quanti® cation of product
¯ exibility, typical measures proposed are: the number of possible product types that
can be produced in a manufacturing system (Jaikumar 1986, Das and Nagendra
1993) ; ratio of total output to setup costs ; and time and cost to change from one
product type to another (Browne et al. 1988) . All of the proposed measures have
drawbacks, e.g. requiring numerous types of data and being impractical for imple-
mentation in realistic manufacturing systems. Moreover, there is no research
encountered in the literature which focuses on the utilization of a practical measure
in comparing the ¯ exibility of MPC strategies to varying product types produced in
the system.
  The intention of this research is to develop a systematic analysis and evaluation
approach in order to compare the MRP-push and JIT-pull strategies quantitatively
based on a product ¯ exibility measure. In the rest of this paper, the comparative
analysis and a new product ¯ exibility measure that is proposed by the authors are
presented together with the implementation in a real manufacturing system.
2. Comparative analysis: modelling and evaluation
The modelling and analysis of MPC strategies requires an understanding of the
characteristics imposed by the di erent strategies on material, information and con-
trol interactions generated in the manufacturing and delivery of products. In the
MRP-push system, the schedule pushes material forward based on average planned
usage rather than the actual usage of material. Orders are launched and pushed
through the system to meet some established due dates. The order is moved to the
next workstation upon completion, with the expectation that the receiving work-
station needs it. The pull logic embodied in the JIT-pull system focuses on the
manufacturing process from the perspective of the ® nished item. In a pull system,
orders are placed at the end item level and work is pulled through the facility to
satisfy the demand of the end item. The order is not moved to the next workstation
until it is needed or demanded by that station. Ordering is triggered by actual usage
rather than planned usage.
The evaluation of the strategies is performed through the analysis of system
performance measures from the simulation results. The simulation models for
MRP-push and JIT-pull strategies are built representing the same real manufactur-
ing system operating under the special characteristics of the respective strategies. The
real manufacturing system under consideration is producing several types of plastic
window frames and can be characterized as a multistage, multiproduct, intermittent
manufacturing system, which is frequently subject to change from one product type
to another. The system consists of machines that are capable of performing more
than one operation on more than one part type with negligible setup time and cost
when switching between di erent parts or operations. The process structure, pre-
pared to be independent to product type, is illustrated in ® gure 1.
In the manufacturing system, the production routing is similar for all window
types, however, the processes exhibit some di erences in each production stage
according to the type of window (e.g. W1, W2, . . .). The products are processed in
® xed processing times. The set of product types that the system is capable of produ-
cing is known, and their required operations and routings are entered into the
system. The production is performed mainly in eight stages including cutting,
mounting, milling, welding and assembly processes (e.g. ST1, ST2, . . . ; ST8) for
the components of windows manufactured (e.g. P, PF, PM, PS, F, M and S). The
evaluation of the strategies begins on the simulation models which emulate the
manufacturing system satisfying only one type of product demand. In the following
stage of evaluation, a second type of product is added to the models. The alterations
in the system performance levels are observed as a result of an increase in workload
and process variability due to adding the second product type to the system. Among
the product types manufactured in the system, two types are chosen to be modelled.
The selection of product types is achieved by modelling the production of two widely
di erent products in order to observe system disturbances clearly due to the addition
of a second product. The ability to distinguish the product types produced in
the system depends on their sizes and structures. Size dictates the number and
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Figure 1. Process structure.
dimensions of components required for the manufacture of an end product. On the
other hand, structure dictates the complexity of the assembly and processes required
in manufacturing an end product. The ® rst product is chosen as small and simple,
and the second one is chosen as large and complex.
The common input parameters in both of the models are the number of products,
transfer batch sizes, lead times and priorities of product types. The parameters,
which are di erent for the MRP-push and JIT-pull models, are the order schedules
of components and the inventory levels. The evaluation of the two models is based
on the major system performance measures. The conditions de® ned by management
on the major performance measures are as follows.
. Average work-in-process (WIP) , average backorder, average manufacturing
lead time should not increase.
. Total production time should not increase.
. Throughput value at the end of the planning horizon not to be less than the
planned amount.
. Machine utilization at each production stage should not decrease.
These are the ultimate conditions which are impossible to attain while changing
the product types produced in real manufacturing systems. Therefore, the attainable
objective is to have a minimum deterioration or a maximum improvement in the
system performance levels during a product change. The results of the simulation
models for MRP-push and JIT-pull systems with one product (W1) and two prod-
ucts (W1, W2) along with the observed di erences in the performance measures are
shown in table 1.
The results in table 1 are interpreted based on the MPC strategy which performs
best with respect to the addition of the second product type in the system. When only
MRP-push model JIT-pull model
W1 W1, W2 % W1 W1, W2 %
WIP 67.0 148.0 120.9 41.1 66.0 60.6
B/O 0 28.4 2840.0 0 8.2 820.0
THPUT 252.0 167.0 ¡33.7 252.0 210.0 ¡16.7
LT (W1) 7.7 33.8 337.3 3.5 12.3 256.8
LT (W2) Ð 9.9 Ð Ð 12.2 Ð
T 45.0 57.0 26.7 45.0 54.0 20.0
U(ST1) 21.0 29.0 38.1 21.0 28.9 37.8
U(ST2) 21.0 29.0 38.1 21.0 28.9 37.8
U(ST3) 38.9 58.2 49.5 38.9 57.2 46.9
U(ST4) 14.8 25.4 72.4 14.8 24.4 65.6
U(ST5) 32.7 39.7 21.4 32.7 36.2 10.7
U(ST6) 14.0 38.6 175.0 27.2 39.9 46.5
U(ST7) 23.3 33.3 42.9 23.3 28.9 23.8
U(ST8) 85.0 97.0 14.2 93.4 97.9 4.9
WIP, average WIP level (# of parts) ; B/O, average backorder level (# of products) ; LT, average
manufacturing lead time (hours) ; THPUT, throughput (# of products), produced in the planning horizon;
T, total production time (hours) required to produce the planned amount; U, utilization of each work-
station (%).
Table 1. Results of MRP-push and JIT-pull models.
one product type is produced in the system, throughput values and total production
times for both strategies are the same as the planned amounts and the planned
schedules, therefore, the average backorder levels are 0. Although the total
number of products scheduled for each period with one product and with two prod-
uct types are taken as equal, the addition of the second product type decreases the
amount produced in the regular planning period in the MRP-push model by 34%
and in the JIT-pull model by 17%, which results as backorders in the two-product
model. The results show that the WIP level change is 121% in the MRP-push model
and 61% in the JIT-pull model. The average lead time of the ® rst product type in
both of the JIT-pull models is shorter than for the MRP-push models, however, the
lead time of the second product type is shorter in the MRP-push model. One reason
for this result is the higher priority assigned to W2 than W1 in batch size production
of the MRP-push model. Another reason is that the mixed-model production is
applied in the JIT-pull model, which forces both products to be produced every
hour. The utilization ® gures are almost the same in the one-product models of
both MRP-push and JIT-pull systems ; the only di erence is in workstations ST6
and ST8. Workstation ST8 is the bottleneck station in the system. As compared to
the others, workstations ST6 and ST8 have higher utilization in the one-product JIT-
pull model because they monitor the pulling mechanism with their production rate.
When the second product type is added to the system, the utilization ® gures are
higher for the MRP-push model in the stations with the high variety of processes.
If in the comparison of the two MPC strategies, one strategy shows less deterio-
ration and greater improvement in the system measure than the other, then selection
of the optimum ¯ exible strategy is straightf orward. However, in most cases, changes
in all of the performance measures do not all favour one strategy or the other.
Therefore, a uni® cation of measures based on their relative importance for a par-
ticular manufacturing system is required. The uni® cation of performance measures is
driven by overall management objectives and the business environment. Such an
evaluation method is developed and presented in the rest of the paper.
3. Quanti® cation of product ¯ exibility
In the product ¯ exibility measurement approaches reviewed to date, ¯ exibility is
considered as an intrinsic attribute of manufacturing systems. A more generic meas-
ure, which is relatively easy to apply to realistic manufacturing situations, is pro-
posed by Chryssolouris and Lee (1992) , where product ¯ exibility is considered as a
relative attribute that depends not only on the manufacturing system itself, but also
on the external demands placed upon it. This measure is developed based on the
premise that the ¯ exibility of a manufacturing system is determined by its sensitivity
to change, which means that the lower the sensitivity the higher the ¯ exibility.
Because ¯ exibility is inversely related to the sensitivity to change (STC), a measure
of ¯ exibility must quantify the STC. The original formulation of STC has two com-
ponents, which are the penalty for change and the probability of change. The de® ni-
tion of STC is made in the general form as:
STC ˆ penalty £ probability :
In the approach of Chryssolouris and Lee (1992) , the question concerning prod-
uct ¯ exibility is as follows. How ¯ exible a manufacturing system should be acquired
now in order to accommodate product changes in the future? This question
addresses future demand for changes, which can not be predicted with certainty.
Demand for change, stated in probabilistic terms to deal with prediction uncertainty,
is therefore accounted for in the STC. The critical part of calculating STC is the
estimation of the relevant penalties and probabilities. The relevant penalties are the
costs of modifying the manufacturing system to produce future products, which
includes the cost of required machinery and system modi® cations. Estimation of
these costs requires an assessment of the degree of design change between a current
product and future products. The probability is viewed as the estimation of the
possibility of demand for a future product type and the probability of deciding in
favour of producing this type. The measure of original STC is formally de® ned as:
STC ˆ Pn…Xi†Pr…Xi†; i ˆ 1 ; . . . ;n ;
where n ˆ the number of potential changes ; i ˆ the change or state transition index;
Xi ˆ i-th potential change ; Pn…Xi† ˆ the penalty of i-th potential change ;
Pr…Xi† ˆ the probability of i-th potential change.
Thus, STC can be interpreted in the original formula as the expected value of the
penalty to be incurred by the system for potential changes. The calculation of STC is
viewed as an application of single-attribute decision-making under uncertainty,
where the variables are the states of nature. In a comparison of a number of manu-
facturing system alternatives which can be utilized for producing future product
types, the alternative with the lowest STC value would be preferred.
In our research, the STC concept is used; however, its components and general
form are modi® ed, because the question concerning product ¯ exibility is considered
as follows: `How ¯ exible a MPC strategy should be applied in the existing manu-
facturing system in order to accommodate existing product changes at a low cost?’
Changing demand is an external disturbance for both approaches, however, the
original approach considers it as an uncertainty in the manufacturing environment.
We investigate the impact of changing demand in the existing system; therefore, we
assume that there is a demand for the existing product types and it is changing
between di erent product types. As a result of this assumption, the probability
component in the original STC de® nition has the value of 1, therefore it can be
excluded from the formula. In the original approach, the penalties of changing
product types are considered as the costs of modifying the manufacturing system
to produce new products. The penalty of changing product types is measured as the
total cost incurred in the manufacturing system in terms of deterioration in system
performance levels. For example, an increase in work-in-process (WIP) inventory
levels results in an increase in manufacturing cost. The calculation of corresponding
cost ® gures resulting in the manufacturing system by the alteration of each system
performance measure is very complicated. Hence, multi-attribute decision analysis is
implemented where penalties caused by alterations in major system performance
levels are considered as attributes. Management’ s preferences of importance in
system performance measures are considered for unifying di erent attributes and
making the strategy selection decision consistent with management objectives and
manufacturing system speci® cations. The STC de® nition is modi® ed as follows:
STC ˆ Pn…Xi† ˆ wjXj ; i ˆ 1; . . . ;n; j ˆ 1 ; . . . ;m ;
where m ˆ the number of system performance measures considered ; j ˆ the system
performance measure index; wj ˆ weight of importance given by management for
the performance measure j ; Xj ˆ evaluated alteration in the level of performance
measure j as a result of change in the system state (adding or substituting a product
type in the manufacturing system creates another system state) .
In the comparison of MPC strategies, the alternative with the lowest STC value
would be preferred. If a change in the product mix can be implemented in the system
without altering the system performance levels, then the MPC strategy provides
maximum ¯ exibility in the system and STC is zero. If , on the other hand, change
results in a large alteration, the MPC strategy results in in¯ exibility in the system and
STC is large. This STC de® nition is implemented for the real manufacturing system
under consideration. The state-1 is the system state with one product type (W1) , and
the state-2 is the system state with two product types (W1, W2). The change in the
system state alters all major system performance measures for both MRP-push and
JIT-pull strategy alternatives.
The STC value is calculated based on the weighted index method of multi-attri-
bute decision analysis. The value of each attribute is given as a percentage of altera-
tion in each performance measure. The evaluation of each attribute is performed
using a reference value, which is the maximum value of each attribute, which helps
avoid dominance of attributes that are measured in small units. For the attributes of
WIP, backorder, lead time, production duration and throughput, the evaluation
rating is considered on a scale of 0 to 10 (lowest to highest linearly) which corre-
sponds to possible attribute values from no deterioration to maximum deterioration.
On the other hand, there is an improvement in the utilization attribute due to the
change in system state and the evaluation rating is considered on a scale of 0 to 10
(highest to lowest linearly) which corresponds to possible attribute values from
maximum improvement to no improvement in utilization. The computed evaluation
ratings of attributes are shown in table 2.
The relative importance of each performance measure, which is de® ned as a
weight factor in the STC de® nition, varies in di erent manufacturing systems. In
Norm. MRP-push JIT-pull
Weight weight eval. rat. eval. rat.
WIP 50 7.0 9.67 4.85
B/O 70 10.1 10.00 2.93
THPUT 70 10.1 9.64 4.76
LT (W1) 90 13.0 9.64 7.34
LT (W2) 100 14.5 6.60 8.13
T 60 8.7 8.89 6.67
U(ST1) 30 4.4 7.82 7.84
U(ST2) 30 4.4 7.82 7.84
U(ST3) 30 4.4 7.17 7.32
U(ST4) 30 4.4 5.86 6.25
U(ST5) 40 5.8 8.78 9.39
U(ST6) 30 4.4 0.00 7.34
U(ST7) 30 4.4 7.55 8.64
U(ST8) 30 4.4 9.19 9.72
Total 690 100.0
WIP, average WIP level (# of parts) ; B/O, average backorder level (# of products) ; LT, average
manufacturing lead time (hours) ; THPUT, throughput (# of products), produced in the planning horizon;
T, total production time (hours) required to produce the planned amount; U, utilization of each work-
station (%).
Table 2. Weights and evaluation ratings of attributes.
this particular system, the management ranked the attributes in the order of decreas-
ing preference, based on the requirements and speci® cations of the manufacturing
company under consideration and the management’ s perception regarding the rela-
tive importance of each measure. In this particular system, lead time is considered
the most important attribute. The production duration has the second preference
and the third preference is a tie between the backorder attribute and the throughput
attribute. The WIP attribute is the fourth highest in preference and utilization has
the lowest. Between the product types, the lead time of the complex product has a
higher preference than the simple product. Among the workstations, station 5 has
the highest preference because of the expensive machinery used in the process, with
all other stations having the same preference. As a result of these speci® cations, the
ranking of attributes can be shown as follows (the symbol `>’ means i`s preferred to’
and `ˆ ’ means i`s equally preferred to’ ):
LT…W2† > LT…W1† > T > B=O ˆ THPUT > WIP > U…ST5† > U…ST1†
ˆ U…ST2† ˆ U…ST3† ˆ U…ST4† ˆ U…ST6† ˆ U…ST7† ˆ U…ST8†:
  Hereafter, weights are assigned to attributes according to their ranks in order to
quantify the relative importance of each attribute. The weights and their normalized
values are also shown in table 2. The weighted evaluation of each alternative is
calculated by multiplying the attribute evaluation ratings (out of 10) and normalizing
them. The STC value is calculated as 81.63 for the MRP-push strategy and 67.80 for
the JIT-pull strategy. The results show that, for the manufacturing system under
consideration with the given attribute ratings, the MRP-push strategy is more sensi-
tive than the JIT-pull strategy to change in product types. In other words, the JIT-
pull strategy is more product-¯ exible than the MRP-push strategy.
  The ranking of attributes is very signi® cant in the results, therefore with a dif-
ferent attribute ranking the results could be considerably di erent. The ranking of
attributes is modi® ed based on the assumption that the system has expensive machin-
ery and that high equipment utilization is of prime importance, then the following
representation of ranking is obtained:
U…ST5† > U…ST1† ˆ U…ST2† ˆ U…ST3† ˆ U…ST4† ˆ U…ST6† ˆ U…ST7†
ˆ U…ST8† > LT…W2† > LT…W1† > T > B=O > THPUT > WIP:
The weighted evaluation values are calculated as 73.80 for the MRP-push strat-
egy and 73.36 for the JIT-pull strategy, nearly the same product ¯ exibility level for
both strategies. From this analysis, it is apparent that management objectives and
manufacturing system speci® cations determine, to a large extent, the decision on
selecting a strategy that o ers product ¯ exibility.
4. Conclusions and further research
The motivation of this study is to support the MPC strategy selection process in
manufacturing systems that encounter rapid changes in product types manufactured.
A product-¯ exible MPC strategy allows changes in product mix with a minimum lost
in the system performance levels. A systematic method is developed and implemen-
ted for the comparative analysis of MRP-push and JIT-pull strategies in a real
manufacturing system. The comparison is made on the basis of simulation results
wherein the two strategies are compared for one-type and two-type product systems.
The responses of the strategies to change in the product type are measured and
interpreted utilizing the product ¯ exibility quanti® cation approach which is devel-
oped based on the sensitivity to change concept. The JIT-pull strategy is chosen as
the product ¯ exible strategy for the particular manufacturing system under consid-
eration.
For future research, the approach developed for quanti® cation of product ¯ ex-
ibility might be used with slight modi® cations for other ¯ exibility types, e.g. for
routing, machine and operation ¯ exibility. To extend this approach to other applica-
tions, the de® nition of state change could be modi® ed due to the type of ¯ exibility.
Deterioration in each performance indicator means additional cost for the system,
and improvement means pro® t. If cost ® gures corresponding to alterations in each
performance level can be estimated, quanti® cation of the product ¯ exibility can be
performed directly based on cost values instead of evaluation rating values and
weights of the attributes. In order to perform planning and control functions con-
sistent with a changing manufacturing environment, there is a need for new measures
that quantify the ¯ exibility of systems.
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